We investigate collective motion in high dimensional chaos, where all elements in a population behaves chaotically and incoherently in appearance. Typeset using REVT E X 1
Many kinds of phenomena in nature, such as complicated social behaviors of ants, amoebae, or cells, information processing in neural networks, macroscopic phenomena of gases or liquids consisting of huge number of molecules, and turbulent motion with the various scale structure in fluid dynamics, could be investigated from the viewpoint of a population consisting of homogeneous elements. In these dynamics, for instance in turbulence, we sometimes find coherent and incoherent motions simultaneously, where the incoherent chaotic motion in microscopic, or mesoscopic scale, would contribute to the macroscopic coherent motion.
In general, it is difficult to investigate the macroscopic coherent motion based on the microscopic incoherent motion. Globally coupled map system [1] is one of the suitable models for this investigation. This system displays rich complicated behaviors in spite of its simplicity of the coupling. One interesting phenomenon in this system is collective motion in high dimensional chaos. The collective motion is one example for the macroscopic coherent motion and is found in some model systems, such as spatially extended systems [2] and globally coupled systems [3] . In the collective motion, all elements seem to behave chaotically and incoherently, while averaged motion in the system does not show trivial behaviors obeying the law of large numbers. In this sense, the collective motion would be also regarded as another class of fluctuations.
In this Letter, we perform numerical experiments of globally coupled tent maps and show that a static distribution is not realized under the existence of global coupling, in other words, collective motion always exists in the interacting population. The property of the collective motion is considered from the knowledge about the tent map. It is shown that the collective motion is qualitatively equivalent in a certain parameter range of the tent map. This brings us an idea of dominant collective motion. Finally we describe the phase diagram.
Globally coupled map model consists of a population of N homogeneous maps interacting through the mean field. The map for the i-th element is expressed by the form:
where n is a discrete time step. In this Letter, we adopt a tent map for the element dynamics f (X), which is defined as
We are interested in the case N → ∞. Thus, our system has two parameters, a and K. As is well known, the tent map has a band splitting point, a = √ 2, so that we confine a to √ 2 < a < 2, where we expect that the population is free from the band-splitting phenomena.
For N → ∞, population dynamics in the globally coupled map system can be described as the evolution of distribution ρ(X), in which the evolution equation for ρ(X) is obtained as the Frobenius-Perron equation [4] ,
We calculate Eqs. (3) and (4) directly. All numerical results discussed in this Letter are obtained from an initially uniform distribution of the population of elements. As is reported in [6] , we adopt a numerical scheme of the integration of Eqs.(3) and (4) without an approximation, so that the accuracy is limited only by a precision of floating point calculation.
Collective motion is observed through an order parameter h n . It is observed as quasiperiodic motion, i.e. torus-like, while we find sometimes detailed structures on the torus (see Fig.1 ). Therefore the amplitude and the winding number characterize the macroscopic property of the collective motion without the detailed structure. Hereafter, we discuss the amplitude of the collective motion F ,
where <> is time average. In Fig.2 , the dependence of F upon a is shown while varying K.
Notice the existence of various smooth hills at fixed K. Within each hill, the macroscopic property of the collective motion changes continuously with a, while it seems to be different between the neighboring hills. Why does F have this strange hilly structure, that varies continuously with a within each hill and vanishes at particular values of a?
Fist, we consider the invariant measure of the elemental tent map, i.e. Eq.(3) at K = 0.
For a tent map, the invariant measure has been well investigated [5] . It consists of rectangular blocks sharing their vertical sides (walls) with neighboring blocks. The trajectory starting from a peak of the tent map, C, makes all walls. If the trajectory arrives at an unstable periodic orbit, the number of walls is finite. It is realized for certain values of parameter a, which we call gold and silver parameters. At the gold parameters, the tent map has an unstable n-periodic orbit including the point C. The golden mean is the gold parameter for n = 3, where the invariant measure consists of only two blocks. In general, if there is an n-periodic orbit containing C, the invariant measure consists of n − 1 blocks. For example, the invariant measure for n = 4 consists of three blocks like those in Fig.1 . In order to characterize an orbit, we denote R if the orbit is in a region X > 0 and L vice-versa.
Since an orbital information from C, such as "CRL· · ·", is sufficient to fix the value of a uniquely, we denote a gold parameter as g n(CRL···) , where n is the period of the orbit (n ≥ 3).
Sometimes we use simplified notation, g n , omitting the orbital information. It should be noticed that larger n generates more varieties of g n . At the silver parameter, the trajectory from C arrives at an unstable n-periodic orbit (n ≥ 1) after a transient of t-steps (t ≥ 3) and the trajectory never returns to C. We denote such a silver parameter as s
or simply s t n . The invariant measure at s t n consists of t + n − 1 blocks. Here we note that gold and silver parameters occupy only a vanishing measure of the parameter space of a. For almost all a-values, the invariant measures consists of an infinite number of blocks. Nevertheless, it will be shown that these confined parameters become to play a key role in the case of the global coupling. Now, consider the collective motion as a function of the coupling strength K. First, we confine a to gold parameters. As shown in Fig.3 , we find numerically that the amplitude of the collective motion, F , obeys the following law.
where α is a constant depending on a. This figure exhibits results for one systematic change of the gold parameters. The scaling of F with K in Eq.(6) holds for all gold parameters when K is small enough. The collective motion seems to be quasi-periodic for smaller K, while it looks more complicated with the fine structure for larger K. Numerically, we confirm that this law holds for KF > 10 −30 . Although we cannot simulate the case K → +0, we emphasize that the law holds until K → +0 and the static distribution is not realized. An analytical approach to the law is now under investigation [7] . In Fig.3 , we also notice that α becomes large as n increases and that the undulation of F around the line of Eq. (6) becomes remarkable. These relations look systematic, but it is difficult to find general relations for arbitrary g n .
Equation (6) is also kept for many silver parameters. However, there is an important exception for a series of s t 1 [7] , in which the collective motion appears only for K larger than Here, we roughly interpret the dynamics of distribution ρ n (X). In each time step, ρ n (X) is mapped by f (X) and is translated parallelly by Kh n . Without the parallel translation, the dynamics is the same as that for the invariant measure of the tent map. Hence the effect of the parallel translation would be regarded as the disturbance for the invariant measure if K is considerably small. Consider the evolution of this disturbance added at a certain time step, especially for the gold and silver parameters. At first, the disturbance exists around each wall in the distribution. As the time step goes by, it moves along the trajectory, CRL· · ·, while it is expanded in width and gets thinner gradually owing to the stretching effect in the chaotic map. In the actual dynamics of our model, the stretching effect competes with the effect of the disturbance added in every time step. Our result shows the disturbance does not decay for g n , but decays for s . It implies the relation between α at the g n and K c at the s t 1 [6] . This investigation will lead us to understand the collective motion in the present system and to predict it for given a and K.
In this Letter, we have studied the law of collective motion and the formation of the dominant collective motion. We expect that similar results are obtained for some class of globally coupled systems. At least, we confirm the law of Eq.(6) also holds when h n is replaced by Xρ n (X)dX and f (X)ρ n (X)dX − f 0 . Here f 0 is an arbitrary constant including the case by Ershov and Potapov [8] , where f 0 is averaged value of f (X) for the invariant measure. We conjecture that the law of Eq.(6) holds for almost all the unimodal map whose expanding rate is larger than 1 everywhere unless the band splitting phenomena are concerned. On the other hand, it is little difficult to apply the idea of dominant collective 
